Aims/hypothesis. The accumulation of AGE is thought to play a role in the pathogenesis of chronic complications of diabetes mellitus and renal failure. All current measurements of AGE accumulation require invasive sampling. We exploited the fact that several AGE exhibit autofluorescence to develop a non-invasive tool for measuring skin AGE accumulation, the Autofluorescence Reader (AFR). We validated its use by comparing the values obtained using the AFR with the AGE content measured in extracts from skin biopsies of diabetic and control subjects. Methods. Using the AFR with an excitation light source of 300-420 nm, fluorescence of the skin was measured at the arm and lower leg in 46 patients with diabetes (Type 1 and 2) and in 46 age-and sexmatched control subjects, the majority of whom were Caucasian. Autofluorescence was defined as the average fluorescence per nm over the entire emission spectrum (420-600 nm) as ratio of the average fluorescence per nm over the 300-420-nm range. Skin biopsies were obtained from the same site of the arm, and analysed for collagen-linked fluorescence (CLF) and specific AGE: pentosidine, N ε -(carboxymethyl)-lysine (CML) and N ε -(carboxyethyl)lysine (CEL).
Introduction
The accumulation of AGE on tissue proteins has been implicated in the ageing of proteins and the progression of chronic, age-related diseases [1] , such as atherosclerosis [2] , chronic renal failure [3] , Alzheimer's disease [4] and diabetes mellitus [5, 6, 7, 8] . Glucose initially reacts with proteins to form reversible early glycation products. AGE develop through complex rearrangements of these glycation products [1] , and their formation is accelerated by decreased renal clearance of these products [3] and/or oxidative stress [9, 10] . The formation and accumulation of AGE on long-lived proteins affects the structure and function of proteins, enhances cytokine production and activates transcription factors via binding to specific receptors (e.g. the receptor for AGE) [11] .
In diabetes mellitus, AGE accumulation in skin collagen is correlated both with the duration and severity of hyperglycaemia, and with the presence of long-term complications [6, 7, 8, 12, 13, 14, 15] . In a DCCT substudy, skin AGE levels explained 19 to 36% of the variance in the incidence of long-term diabetic complications in intensively treated patients, and 14 to 51% in conventionally treated patients [8] . These associations remained after adjustment for HbA 1 c. Experimentally, prevention of AGE accumulation has been shown to reduce the development of several diabetic complications [16, 17, 18] .
Upon excitation at 370 nm, AGE have a characteristic fluorescence spectrum at 440 nm. Classically, this has been used to determine tissue AGE accumulation, e.g. in extracts from homogenates of skin biopsies [5] . More recently developed biochemical and immunochemical assays measure both fluorescent AGE (e.g. pentosidine) and non-fluorescent AGE (e.g. N ε -(carboxymethyl)lysine [CML] ). Complexity, cost and lack of reproducibility limit the broader use of these later assays. Moreover, blood and urine sampling of AGE do not necessarily reflect tissue AGE levels [19, 20] . Obviously, simple quantitation of AGE accumulation in tissue could provide a tool for assessing tissue injury and the risk of chronic complications. Using non-invasive fluorescence capillary microscopy, we noted increased skin autofluorescence in diabetic patients [21] . Because autofluorescence in other tissue (cornea, lens) is associated with the presence of AGE and diabetic retinopathy [22, 23] , we developed an instrument, the Autofluorescence Reader (AFR), that measures skin autofluorescence non-invasively.
The aims of the present study were to validate the AFR as a tool for the non-invasive assessment of AGE accumulation in skin by comparing measurements with those obtained using AGE assays in skin biopsies, and to evaluate the AFR's first application in diabetes.
Subjects and methods
Skin autofluorescence. Skin autofluorescence was assessed by the AFR (patent number PCT/NL99/00607). In short, the AFR illuminates approximately 1 cm 2 of skin (which is guarded against surrounding light) with an excitation light source of 300 to 420 nm (peak excitation ~350 nm). Figure 1 shows a photograph of the AFR and a representative autofluorescence plot. Only light from the skin is measured between 300 and 600 nm with a spectrometer (PC-1000 fiber optic spectrometer, Ocean Optics; Duiven, The Netherlands) using a 200-µm glass fibre (Farnell, Utrecht, The Netherlands). Autofluorescence was calculated by dividing the average light intensity emitted per nm over the 420-to 600-nm range by the average light intensity emitted per nm over the 300-to 420-nm range [24] . Pilot experiments had revealed marked differences in autofluorescence between diabetic and control persons at these excitation and emission ranges. In studies on corneal autofluorescence, comparable ranges have been used or have shown the highest relative excitation efficiency [24, 25, 26] .
Because skin pigmentation may absorb light and thus influence autofluorescence, skin reflection measurements across the 300-to 420-nm range were compared with those of a white Teflon block (assuming 100% reflectance) [27] . Skin reflection was calculated by dividing the mean intensity of light reflected from the skin by the mean intensity reflected from the white Teflon block across the 300-to 420-nm range.
All measurements were performed at room temperature in a semi-dark environment. After control measurements had been b. Light intensities emitted from the skin as analysed by the spectrometer across the 300-600-nm range for a Type 1 diabetic patient (blue line) and a matched control subject (red line). c. Finer detail of the emission spectrum (420-600 nm) for a Type 1 diabetic patient (blue line) and a matched control subject (red line). Definition of autofluorescence, see "Skin autofluorescence" (Subjects and methods) made with the lamp off (dark), autofluorescence of the skin was measured six times (every 10 s) at the volar side of the arm, approximately 10 cm below the elbow fold, and at the dorsal side of the lower leg (calf). Care was taken to perform the measurement at a normal skin site, i.e. one without visible vessels, scars, lichenification, or other skin abnormalities. Repeated AFR measurements taken over a single day in control subjects and diabetic patients showed an overall Altman error percentage of 5.03%. Intra-individual seasonal variance among control subjects and diabetic patients showed an Altman error percentage of 5.87%. The differences between repeated measurements were not dependent on the level of autofluorescence. Autofluorescence was calculated off-line by automated analysis and was observer-independent.
Subjects. We non-invasively measured skin autofluorescence in 46 diabetic patients and 46 control subjects, and obtained skin biopsies from 43 of them. The large majority of subjects (42 of 46 in both groups) were Caucasian. Both Type 1 (age <30 years at diagnosis and insulin-dependent) and Type 2 diabetic patients were randomly recruited from our diabetes outpatient clinic, University Hospitz Groningen. In control subjects, diabetes mellitus and renal failure were excluded by conventional criteria (American Diabetes Association) and measurement of serum creatinine levels (<120 µmol/l). Control subjects were age-(within 5 years age range) and sex-matched to diabetic patients.
Duration of diabetes, HbA 1 c closest to the date of autofluorescence measurement, the mean HbA 1 c value of approximately four measurements taken in the previous year, serum creatinine levels and smoking habits were obtained from chart review. The local ethics committee approved this study and informed consent was obtained prior to the measurements being taken.
Skin biopsies. Full-thickness punch skin biopsies (4 mm) were taken from the volar side of the lower arm (at the same location as the AFR measurement) under 2% lidocaine local anaesthetic. Skin samples were frozen in liquid nitrogen and subsequently stored at −80°C. They were later analysed in a single batch for collagen-linked fluorescence (CLF; excitation at 370 nm, emission at 440 nm) following pepsin digestion, and for pentosidine (by HPLC), N ε -(carboxyethyl)lysine (CEL) and CML (by gas chromatography and mass spectrometry), as described previously [28, 29] .
Briefly, CLF was measured in collagen solubilised by digestion with 2% pepsin in 0.5-mol/l acetic acid for 24 h at 37°C. Fluorescence was measured using excitation and emission wavelengths of 370 nm and 440 nm respectively. Pentosidine was measured in collagen hydrolysates by reversed-phase HPLC using post-column fluorescence detection (excitation at 328 nm, emission at 378 nm). Both CLF and pentosidine were normalised to the hydroxyproline content of collagen, measured according to the method of Stegemann and Stalder, as modified by Maekawa et al. [30] . CML and CEL in collagen hydrolysates were measured as their N-trifluoroacetyl methyl esters by isotope dilution, selected ion monitoring gas chromatography and mass spectrometry, and were normalised to the lysine content of collagen.
Samples were analysed at random, without knowledge of clinical and AFR characteristics.
Statistical methods. All variables had a normal distribution (Kolmogorov-Smirnov test, p>0.05). Differences in autofluorescence between diabetic patients and matched controls were analysed using the Student's t test.
Correlation analyses were performed by Pearson correlation. Multivariable stepwise regression analyses were performed to determine independent effects on autofluorescence. For analysis of the relationship between autofluorescence and skin AGE levels in biopsies, only the autofluorescence measurements at the lower arm are used. A two-tailed p value of less than 0.05 was considered statistically significant. Data are shown as means ± SD.
Results
Validation of the AFR against skin biopsy fluorescence and skin AGE. The baseline characteristics of the 13 Type 1 diabetic patients, 18 Type 2 diabetic patients and 12 control subjects studied to validate the AFR against specific AGE levels in skin biopsies are shown in Table 1 . Figure 2a shows the correlation between skin autofluorescence and CLF (r=0.62, p<0.001). Autofluorescence also correlated with CLF for each of the two separate diabetic subgroups (Type 1 r=0.64, Type 2 r=0.58; p=0.01). Autofluorescence in diabetic patients and control subjects. Table 2 describes the baseline characteristics of the 46 diabetic patients and 46 control subjects studied to analyse the relationship between skin autofluorescence and diabetes mellitus. The amount of light reflected by the skin (~19%) did not vary between diabetic patients and control subjects. Figures 1b and 1c show plots of autofluorescence intensity. Autofluorescence measured at the lower arm and lower leg correlated strongly with each other (r=0.98). Mean autofluorescence was 25% higher in the group of diabetic patients (0.0164±0.0047 AU) than in the control subjects (0.0131±0.0047 AU, p=0.001). Mean autofluorescence was higher in the group of Type 2 diabetic patients (0.019±0.0047 AU) than in the group of Type 1 diabetic patients (0.015±0.005, p=0.002), but Type 2 diabetic patients were older and had somewhat higher mean HbA 1 c.
Autofluorescence correlated (Table 3) with age, diabetes duration, serum creatinine levels and mean HbA 1 c of the previous year, but not with the HbA 1 c value closest to the date of autofluorescence measurement. The age-related rate of autofluorescence increase was 2.1 times higher in diabetic patients than in control subjects. The overall variance in autofluorescence observed among diabetic patients could largely (r=0.78, p<0.001) be explained by the independent effects of age (p<0.001), mean HbA 1 c (p<0.001) and serum creatinine levels (p=0.01). In control subjects, the overall variance in autofluorescence could be explained by the independent effects of age (p=0.01) and smoking (p=0.04) (r=0.435, p=0.01). Smoking was not related to skin autofluorescence variance in diabetic patients. Figure 3 shows the relationship between autofluorescence and age in diabetic and control subjects. A total of 32 of the 46 diabetic patients (70%) had autofluorescence values above the 95% CI of the mean relation between autofluorescence and age in control subjects. Of the remaining 14 diabetic patients, nine had a Fig. 2 . The relationship between non-invasive skin autofluorescence measurements and (a) skin collagen-linked fluorescence and (b) pentosidine levels in skin biopsies. ■ denotes results from Type 1 diabetic patients; + results from Type 2 diabetic patients; ■ ■ results from control subjects Fig. 3 . The relationship between non-invasive skin autofluorescence measurements and age in diabetic patients (■, continuous line) and control subjects (■ ■, dotted line) mean HbA 1 c below 6.8%. Of the ten control subjects with autofluorescence values above their matched diabetic patient, eight were smokers, six of whom had smoked for more than 20 years. Control subjects who smoked were approximately 15 years older than their non-smoking counterparts as defined by the relationship between skin autofluorescence and age.
Discussion
Our study shows that autofluorescence, measured non-invasively in the skin, is related to skin AGE accumulation in diabetic patients and control subjects. Furthermore, skin autofluorescence measured with the AFR is increased in diabetic patients and seems to be related to risk factors for long-term diabetic complications, such as glycaemic control. The existing overlap between diabetic and control subjects and the strong age dependence of autofluorescence limit its use as a diagnostic test. However, the association between AGE and chronic complications of diabetes mellitus, renal failure and other age-related conditions, and experimental evidence for the pathogenic role of AGE in the development of complications, suggest that the AFR could be a promising tool for risk assessment. This technique is limited by the fact that not all AGE exhibit fluorescent properties. ELISA-based assays have shown that increased accumulation of specific AGE occurs prior to increased autofluorescence in diabetes [12] . Fluorescence, as expressed in our autofluorescence ratio, is a group reactivity; consequently, it cannot provide quantitative information on the concentrations of individual compounds. Moreover, some non-fluorescent AGE, such as CML, are thought to play an important pathogenic role. Interestingly, in our study, skin autofluorescence correlated with skin levels of non-fluorescent AGE. Thus, skin autofluorescence may be a marker of the behaviour of the total skin AGE pool. The parallel relationships between CLF and both pentosidine (fluorescent) and CML (not fluorescent), and the interrelationships between the specific AGE also suggest that fluorescent and non-fluorescent AGE behave similarly and fluorescence may be used as a marker.
Our study is also limited by the fact that we cannot rule out the possibility that other fluorophores, e.g. NADH, or differences in absorption due, for example, to haemoglobin, may interfere with the relationship between autofluorescence and AGE accumulation [26] . Nevertheless, skin biopsy fluorescence itself is strongly related to long-term diabetic complications [5, 8] . Exposure to sunlight as a source of skin photo-ageing is a possible confounding factor in skin AGE accumulation, but the similarity between AFR measurements taken at the lower arm and the calf sites suggests that this effect is probably limited. The vast majority of subjects included in the present study were Caucasian patients; hence, the results cannot address the issue of racial differences. Although corrections using differences in skin reflectance may resolve the confounding effects of skin pigmentation on skin autofluorescence, and seasonal intra-individual variance shows a low Altman error percentage, our conclusions on the value of autofluorescence as a marker of AGE accumulation are for the present limited to non-pigmented skin.
Although mean skin reflection was not significantly different between the groups of diabetic patients and control subjects, skin reflection correlated negatively with specific AGE accumulation. This observation may be related to the characteristic brown-yellow adducts that AGE form.
The correlation we found, both in diabetic patients and in control subjects, between skin autofluorescence measured non-invasively and age is similar to previously observed correlations between CLF and age [5, 30] . The 2.1-times higher age-related increase in autofluorescence in diabetic patients compared with in control subjects is of a similar magnitude to that reported by Monnier et al. [5] for CLF (2.4 times higher). This increase may be partly explained by the relationship we found between autofluorescence and diabetes duration, serum creatinine levels and mean HbA 1 c values of the previous year. Mean HbA 1 c levels in diabetic patients were also significantly, but not strongly, related to (advanced) glycated collagen levels in the DCCT study [8] . As in our study, Monnier et al. [5] found that the relationship between levels of (advanced) glycated collagen and the mean HbA 1 c over the year preceding the skin biopsy was stronger than that between (advanced) glycated collagen and the HbA 1 c value measured nearest the biopsy. Skin autofluorescence may provide a longer-term index of tissue damage related to metabolic stress than shorter-term markers, such as glycated haemoglobin. Wolffenbuttel et al. [31] observed a slower decline in haemoglobin-AGE, the AGE-modified form of haemoglobin, than in HbA 1 c in diabetic patients switching to a more intensive regimen. AGE skin levels increase in parallel with the accumulation of AGE in other organs [5] and correlate with early manifestations of nephropathy and retinopathy independently of HbA 1 c [8, 32, 33] .
Importantly, AGE accumulation is not only a measure of traditional risk factors for long-term diabetic complications (e.g. glycaemic control), but also of oxidative stress status and renal function. In our study, creatinine levels were independently related to skin autofluorescence in diabetic patients. Renal dysfunction in diabetic patients, but also in euglycaemic patients, contributes to increased tissue AGE accumulation and to the development of cardiovascular complications in these patients [3, 12, 13] . Smoking, which is recognised as a source of oxidative stress in vivo [32] , was also correlated with increased skin autofluorescence in control subjects. The majority of the ten control subjects with higher autofluorescence values than their matched diabetic patient had smoked for many years. Tobacco smoke contains fluorescent cross-linking proteins and increases plasma AGE [32] . In diabetic patients, skin autofluorescence was not related to smoking, possibly due to the low number of smokers in the diabetic population. Furthermore, the metabolic consequences of diabetes may have a higher impact on AGE accumulation than oxidative stress induced by smoking. Tissue AGE accumulation may be further influenced by nutrition [34] .
As discussed above, the AFR is not intended as a screening technique for diagnosing diabetes mellitus. Its value may instead lie in the risk assessment of AGE-related complications. The current study was too small, and also not intended to address the relationship between autofluorescence and existing or new complications, nor was it designed to address possible differences in age-related increases in autofluorescence between Type 1 and Type 2 diabetic patients.
The efficacy of the AFR for predicting progression of diabetic complications and mortality is now being investigated in a large (>1000 Type 2 diabetic patients) prospective cohort study. Apart from plasma AGE and haemoglobin-AGE assays, few tools are currently available for monitoring the effects of interventions aimed at reducing AGE accumulation, such as aminoguanidine or AGE-breakers [16, 17, 18] . The AFR could be a promising alternative for monitoring interventions for the following reasons: (i) disparate changes between plasma and tissue AGE levels may occur [19] , and tissue AGE accumulation may be more relevant to the development of tissue damage than plasma levels; (ii) current plasma AGE assays are time-consuming and the results can be difficult to reproduce or standardise between laboratories.
In conclusion, our results show that the AFR measures AGE accumulation non-invasively in non-pigmented skin. The accumulation of AGE is thought to mediate the deleterious effects of hyperglycaemia and oxidative stress in conditions such as diabetes and renal failure. Consequently, simple and rapid noninvasive measurement of skin autofluorescence could be a convenient way of assessing both the risk of related complications and the effects of interventions aimed at reducing AGE.
